Balance in the body's hormonal axes depends on feedback onto neuroendocrine hypothalamic neurons. This phenomenon involves transcriptional and biosynthetic effects, yet less is known about the potential rapid modulation of electrical properties. Here, we investigated this issue in the lactotrophic axis, in which the pituitary hormone prolactin is tonically inhibited by tuberoinfundibular dopamine (TIDA) neurons located in the hypothalamic arcuate nucleus. Whole-cell recordings were performed on slices of the rat hypothalamus. In the presence of prolactin, spontaneously oscillating TIDA cells depolarized, switched from phasic to tonic discharge, and exhibited broadened action potentials. The underlying prolactin-induced current is composed of separate low-and high-voltage components that include the activation of a transient receptor potential-like current and the inhibition of a Ca 2ϩ -dependent BK-type K ϩ current, respectively, as revealed by ion substitution experiments and pharmacological manipulation. The two components of the prolactin-induced current appear to be mediated through distinct signaling pathways as the high-voltage component is abolished by the phosphoinositide 3-kinase blocker wortmannin, whereas the low-voltage component is not. This first description of the central electrophysiological actions of prolactin suggests a novel feedback mechanism. By simultaneously enhancing the discharge and spike duration of TIDA cells, increased serum prolactin can promote dopamine release to limit its own secretion with implications for the control of lactation, sexual libido, fertility, and body weight.
Introduction
The polypeptide hormone prolactin (Prl) (Riddle et al., 1933) triggers lactation in the nursing mother and exerts a range of coordinated actions that facilitate caring for offspring, including maternal behavior, temporal spacing of pregnancies, and weight gain (Freeman et al., 2000) . Whereas other pituitary hormones depend on hypothalamic stimulating factors for release, Prlproducing lactotrophs, cells with high constitutive activity (Van Goor et al., 2001) , are under most circumstances maintained under hypothalamic inhibition (Ben-Jonathan and Hnasko, 2001) . This inhibitory tone is provided by neuroendocrine tuberoinfundibular dopamine (TIDA) neurons located in the arcuate nucleus (Arc) (Fuxe, 1964) . The strength of this inhibition is illustrated by the fact that treatment with anti-dopaminergic anti-psychotic drugs causes hyperprolactinaemia (Polishuk and Kulcsar, 1956; Meltzer et al., 1974; Knegtering et al., 2006) , which likely underlies the high incidence of sexual dysfunctions and sometimes even overt galactorrhea in patients taking these compounds in, for example, the treatment of schizophrenia (Howes et al., 2007) . In a recent in vitro study, we demonstrated that TIDA neurons discharge in a highly robust oscillation that is synchronized between neurons and sensitive to gap junction blockade (Lyons et al., 2010) . This stereotyped electrical profile suggests that the membrane properties of TIDA neurons may constitute an important regulatory target in Prl control.
Prl provides powerful, so-called "short-loop," feedback that acts as a safeguard against hyperprolactinaemia (Ben-Jonathan and Hnasko, 2001 ). To date, this feedback has generally been ascribed to modulating the expression and kinetics of the ratelimiting enzyme in dopamine biosynthesis, tyrosine hydroxylase (TH) (Gonzalez and Porter, 1988; Pasqualini et al., 1988; Voogt, 1991, 1995; Selmanoff et al., 1991) . Compared with slow transcriptional and biosynthetic changes, the presumably more rapid electrophysiological effects of Prl on TIDA neurons have yet to be described. Indeed, although a few extracellular recordings have been published (Townsend et al., 2005; Kokay et al., 2006) , there is to date no description of Prl actions on active or passive membrane properties in any neuronal system. This lack of information is particularly surprising given the pleiotropic effects of this hormone and the numerous expression sites of Prl receptors in the CNS (Chiu and Wise, 1994; Pi and Grattan, 1998) , including TIDA neurons (Kokay and Grattan, 2005) . Here, we wanted to explore the mechanisms for fast feedback in the short loop by investigating the effects of Prl on TIDA electrophysiology.
Materials and Methods
Animals. Male Sprague Dawley rats (Charles River), 22-30 d old, were housed with ad libitum access to standard chow and tap water in a temperature-controlled environment under 12 h light/dark conditions with lights on at 6:00 A.M. For this study of the Prl-inhibitory TIDA cells, we used male rats in which inhibition is likely at its most active and to avoid confounding influence from fluctuations in sex hormones, which are potent endogenous modulators of Prl secretion. All animal experiments had received previous approval by the local ethical board, Stockholm's Norra Djurförsöksetiska Nämnd, and were performed in accordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC) .
Whole-cell recordings. For electrophysiological experiments, rats (n ϭ 47) were deeply anesthetized with sodium pentobarbital and decapitated. The brain was rapidly removed and placed in an ice-cold and oxygenated (95%O 2 /5%CO 2 ) "slicing" solution containing the following (in mM): 214 sucrose, 2.0 KCl, 1.2 NaH 2 PO 4 , 26 NaHCO 3 , 1.3 MgSO 4 , 2.4 CaCl 2 , and 10 D-glucose. The meninges were gently removed, and the brain was blocked and glued to a vibratome (Leica) in which 250-m-thick coronal sections of the hypothalamus containing the Arc were prepared. Slices were immediately transferred to a "recording" solution containing the following (in mM): 127 NaCl, 2.0 KCl, 1.2 NaH 2 PO 4 , 26 NaHCO 3 , 1.3 MgCl 2 , 2.4 CaCl 2 , and 10 D-glucose (in a continuously oxygenated holding chamber at 35°C for a period of 25 min). Subsequently, slices were allowed to recover in recording solution at room temperature for a minimum of 1 h before recording. For whole-cell recordings, slices were transferred to a submerged chamber and placed on an elevated grid that allows perfusion both above and below the slice. An Axioskop 2 FS Plus upright microscope (Carl Zeiss) was used for infrared differential interference contrast visualization of cells. Recordings were performed at room temperature (22°C), and slices were continuously perfused with oxygenated recording solution (as above) unless otherwise described at a rate of ϳ5 ml/min. All pharmacological compounds were bath applied.
Whole-cell current-and voltage-clamp recordings were performed with pipettes (5-8 M⍀ when filled with intracellular solution) made from borosilicate glass capillaries (World Precision Instruments) pulled on a P-97 Flaming/Brown micropipette puller (Sutter Instruments). The intracellular recording solution used in experiments contained 140 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 1 mM EGTA, and 2 mM Na 2 ATP, pH 7.3 (with KOH), with 0.2% Neurobiotin (Vector Laboratories) added for subsequent morphological reconstruction of recorded cells. The concentration used for tetrodotoxin (TTX) was 0.5 M. To reduce Ca 2ϩ -dependent conductances, "low-Ca 2ϩ /high-Mg 2ϩ " extracellular recording solution was used (in mM): 127 NaCl, 1.9 KCl, 1.2 NaH 2 PO 4 , 26 NaHCO 3 , 4.5 MgSO 4 , 0.15 CaCl 2 , and 10 D-glucose. To inhibit Na ϩ -dependent conductances, a "zero-Na ϩ " extracellular solution was prepared in which Na ϩ was substituted with equimolar concentrations of Tris-HCl. Recordings were performed using a Multiclamp 700B amplifier and pClamp9 software (Molecular Devices). Slow and fast capacitative components were automatically compensated for. Access resistance was monitored throughout the experiments, and neurons in which the series resistance was Ͼ35 M⍀ or changed Ͼ20% were excluded from the statistics. Liquid junction potential was 16.4 mV and not compensated. The recorded current was sampled at 10 kHz and filtered at 2 kHz.
Statistical analysis and reagents. Data analysis was performed with Originpro8 (OriginLab) and Clampfit (Molecular Devices) software. Statistical significance was set at p Ͻ 0.05 and determined using the appropriate two-tailed Student's t test unless otherwise stated. To determine the Prlinduced current (I Prl ) in the presence of TTX, all-points histograms were plotted for 10 s of control, Prl, and wash traces with Gaussian fits performed on the individual and pooled distributions. The mean difference between the Gaussian peaks for control and Prl was used as the value for I Prl . Action potentials (APs) were analyzed using Mini Analysis 6.0.9 (Synaptosoft). For each neuron, AP values were generated by taking the mean of 10 APs in control and 10 APs in the presence of Prl. To control for the variation in AP properties observed throughout the progression of the depolarizing up state (control), only groups with statistically similar (i.e., p Ͼ 0.05) amplitudes and thresholds were used for analysis (see Fig 6) . Prl, 2-aminoethyl diphenylborinate (2-APB), and tetraethylammonium (TEA)-Cl 2 were purchased from Sigma. TTX was purchased from Alomone Labs. UCL1648 [6,10-diaza-3 (1,3)8,(1,4)-dibenzena-1,5(1,4)-diquinolinacy clodecaphane], and wortmannin were purchased from Tocris Bioscience.
Reconstruction and staining of recorded cells. Immediately after recording, slices were immersion fixed in 4% paraformaldehyde/0.2% picric acid for 16 h at 4°C and rinsed for a minimum of 6 h in 0.1 M phosphate buffer, pH 7.4, containing 0.2% bacitracin and 0.1% sodium azide. Slices were then incubated free floating with a mixture of fluorescein isothiocyanate-conjugated avidin (1:3000; Invitrogen) and monoclonal anti-TH antibodies (1:1000; Millipore Bioscience Research Reagents) diluted in 0.6% Triton X-100/0.01 M PBS for 72 h at 4°C. After 6 h of rinsing in PBS, slices were incubated for 16 h in anti-mouse secondary antibodies raised in donkey and conjugated to Alexa Fluor 594 (Invitrogen) diluted 1:500 in 0.6% Triton X-100/0.01 M PBS, rinsed for an additional 6 h in PBS, and mounted and coverslipped on glass slides with glycerol and anti-fade agent (2.5% 1,4-diazabicyclo-[2.2.2]octane). Confocal image stacks were sampled with an Olympus FV1000 inverted microscope at the Center for Live Cell Imaging at Karolinska Institutet, and images were analyzed and processed using BitPlane Imaris software. For final images, only brightness and contrast were adjusted digitally.
Results

TIDA neurons exhibit robust rhythmic membrane potential oscillations
Here, we have recorded from a population of rhythmically discharging neurons in the dorsomedial aspect of the Arc adjacent to the third ventricle. As described previously (Lyons et al., 2010) , this oscillation is typified by periods of hyperpolarization and quiescence (down state) alternating with periods of pronounced depolarization and AP discharge (up state; Fig. 1 ). In line with our previous report, neurons displaying these characteristics were shown to be members of the TIDA population, as when filled with biocytin all recovered oscillator cells were revealed to be TH immunoreactive (n ϭ 29 of 29; 100%; Fig. 1 ).
Prl excites oscillating TIDA neurons: replacing phasic discharge with tonic firing
The acute electrophysiological effects of Prl on the TIDA network are not known. To address this issue, TIDA neurons were patch clamped, and their electrophysiological responsiveness to Prl was assessed. In current clamp, a 90 -120 s bath application of Prl (25-500 nM) to oscillating neurons consistently resulted in a depolarization and transition from phasic to tonic discharge (n ϭ 21 of 21; 100%; Fig.  2 A) . This dramatic response can also be seen in the shift from biphasic to monophasic distribution in the membrane potential frequency distribution plot (Fig. 2 B) .
In the presence of TTX (500 nM to block AP-dependent postsynaptic potentials) and from a membrane potential of Ϫ65 mV, Prl (250 nM) induced a reversible 16.3 Ϯ 2.1 mV (n ϭ 6; p Ͻ 0.001 vs control, ANOVA) depolarization (Fig. 2C,D) , indicating a direct postsynaptic effect that was also dose dependent (EC 50 ϭ 123.9 nM; Fig. 2E ). The Prl-induced depolarization was associated with a small 6.7 Ϯ 1.6% reduction in input resistance (control, 1262.8 Ϯ 266.4 M⍀; Prl, 1185.9 Ϯ 257.8 M⍀; n ϭ 5; p Ͻ 0.05) and was shown to exhibit desensitization because, after complete washout and a return to baseline (typically 10 -15 min), a second application of Prl resulted in a membrane potential change that was diminished by 27.0 Ϯ 4.1% (n ϭ 5; p Ͻ 0.05).
Prl activates an inward current composed of low-and high-voltage components
To identify the postsynaptic currents underpinning the Prl effect, we voltage clamped TIDA neurons (V Hold ϭ Ϫ60 mV) in the presence of TTX (500 nM). Application of Prl (500 nM) induced an inward current of Ϫ17.4 Ϯ 2.1 pA (n ϭ 11; p Ͻ 0.001 vs control, ANOVA) that was readily reversible on washout (Fig.  3A) . A voltage-clamp ramp protocol ranging from Ϫ120 to 40 mV (45.7 mV/s) was used to determine the I-V relationship of the I Prl (Fig. 3B ). Digital subtraction of the ramp performed in control from the ramp performed at the peak of the Prl response revealed I Prl to be a non-reversing net inward current that exhibits a profound increase in size in the positive range (V Hold ϭ ϩ40 mV; Ϫ328.3 Ϯ 58.9 pA; n ϭ 14; Fig. 3C ).
The I-V relationship of I Prl strongly implies a compound effect mediated by the modulation of more than one current. To facilitate our understanding of this, we divided I Prl into two components: one below 0 mV, termed low voltage (LV), and one above 0 mV, termed high voltage (HV) (Fig. 3C, gray shading) . Because the LV component of I Prl tends toward reversal at 0 mV Prl switches TIDA discharge from phasic to tonic. A, Current-clamp recording of an oscillating TIDA neuron. Application of Prl switches TIDA discharge from phasic to tonic. B, Frequency distribution plot demonstrating the Prl-induced shift in membrane potential from a biphasic to a monophasic distribution. C, Current-clamp recording of an oscillating TIDA neuron. The Prl-induced depolarization endures in the presence of TTX. D, Prl (250 nM) causes a reversible and significant change in resting membrane potential (recorded in TTX and from an initial membrane potential of Ϫ65 mV, a value achieved though the injection of negative direct holding current). ***p Ͻ 0.001. E, Dose-response curve highlighting the relationship between Prl concentration and the resultant membrane depolarization. Cells included were exposed to single concentrations of Prl in the presence of TTX and from a resting membrane potential of Ϫ65 mV.
and has a negative slope conductance around Ϫ50 mV (Fig. 3C, •) , we suspected the involvement of a mixed cationic current (MCC), possibly mediated by the activation of transient receptor potential (TRP) channels (Strü bing et al., 2001 ).
The LV component of I Prl is underpinned by the activation of a 2-APB-sensitive MCC To test this hypothesis, Prl (500 nM) was applied to TIDA neurons in the presence of TTX (500 nM) and 2-APB (200 M), a potent blocker of TRPC1, TRPC3, TRPC4, TRPC5, and TRPC6 channels (Clapham et al., 2005) ; however, it should be noted that 2-APB-dependent inhibitions of IP 3 receptor and gap junction signaling have also been reported (Maruyama et al., 1997; Harks et al., 2003) . Under these conditions, the Prl-induced inward current was almost completely abolished (V Hold ϭ Ϫ60 mV; Ϫ1.1 Ϯ 1.0 pA; n ϭ 9; p Ͻ 0.005 vs control), undergoing a 93.6 Ϯ 2.8% reduction (Fig.  4A) . A blocker of TRPC6 and TRPC7 channels, SKF96365 (50 M) (Merritt et al., 1990; Zhu et al., 1998) , was also tested. Pretreatment with this compound failed to induce a statistically significant inhibition (Ϫ25.5 Ϯ 15.6%) of I Prl (V Hold ϭ Ϫ60 mV; Ϫ12.9 Ϯ 2.7 pA; n ϭ 5; p Ͼ 0.05 vs control). Interestingly, additional examination of the resultant I-V relationships demonstrated that 2-APB-induced inhibition of I Prl was restricted to the LV portion, leaving the HV component untouched (Fig.  4B,C) . This fact is illustrated by the failure of 2-APB to induce a significant change in I Prl at V Hold ϭ ϩ40 mV (Ϫ300.2 Ϯ 74.7 pA; n ϭ 9; p Ͼ 0.05 vs control; Fig. 4C ) and underscores the distinct nature of the two components.
The contribution of different cations to the Prl-activated 2-APB-sensitive MCC was examined through ionic substitution experiments. The removal of extracellular Na ϩ , via its equimolar substitution with the impermeant cation Tris, reduced I Prl (V Hold ϭ Ϫ60 mV; Ϫ4.7 Ϯ 0.7 pA; n ϭ 5; p Ͻ 0.005 vs control) by 73.2 Ϯ 3.8% (Fig.  5A) . Conversely, the application of Prl in the presence of low-Ca 2ϩ /high-Mg 2ϩ extracellular recording solution augmented I Prl (V Hold ϭ Ϫ60 mV; Ϫ39.4 Ϯ 9.4 pA; n ϭ 7; p Ͻ 0.05 vs control) by 126.8 Ϯ 54.1% (Fig. 5B) . Together, these data suggest that, at a holding potential of Ϫ60 mV, Na ϩ is the principal charge carrier for I Prl and that this current appears similar to previously described MCCs mediated through the activation of TRP channels (Strübing et al., 2001 ; Tsujino et Faber et al., 2006; Ramsey et al., 2006; Meis et al., 2007; Chung and Moore, 2009 ).
Prl broadens TIDA APs
It seems, therefore, that at resting membrane potential Prl initiates the switch from phasic to tonic firing through the activation of a 2-APB sensitive, Na ϩ -dominated MCC. At membrane potentials positive to 0 mV (HV), however, an additional 2-APB-insensitive component of I Prl becomes active, producing a comparatively large inward current confounding the reversal of the MCC. Because the HV component of I Prl falls within the membrane potential range of AP discharge, we investigated the effects of Prl on AP dynamics.
Because conditions for AP discharge in phasic (oscillation up state) and tonic (Prl effect) firing are different, we first sought to determine appropriate points of comparison. The first APs of the oscillation up state are discharged after a period of pronounced hyperpolarization (Lyons et al., 2010) . Accordingly, for these initial APs, sodium channel de-inactivation may be assumed to be greater than for the APs later in the up state and APs discharging tonically at the peak of the Prl response. As a result, spikes at the beginning of the up state have greater amplitude and shorter duration and are therefore unsuitable for comparison with spikes during tonic discharge (Fig. 6 A, B) . To control for this state-dependent variation, AP amplitude and threshold between control and Prl effect was paired. Briefly, up state APs within Ϯ2.5 mV of the mean AP amplitude as observed during peak Prl response were selected, and only groups of 10 with statistically similar ( p Ͼ 0.05) amplitudes and thresholds were used for analysis. Using these criteria, we found that Prl significantly increased AP width (defined as spike width 20 mV above threshold) by 18.6 Ϯ 2.2% (n ϭ 5; p Ͻ 0.005 vs control) and area by 16.1 Ϯ 2.3% (n ϭ 5; p Ͻ 0.005 vs control; Fig. 6C , Table 1 ). The constant threshold and amplitude and typical Prl-induced variation in AP rise and decay are represented in the orbital plots in Figure 6 D.
The HV component is sensitive to extracellular Ca
؉
What ionic mechanisms mediate the HV component of I Prl ? After entering HV range, I Prl slope undergoes a dramatic change of direction (Fig. 3C) , a voltage-dependent effect, suggesting either the augmentation of an inward current or the attenuation of an outward current. As in other systems, it has been shown that AP broadening can be caused by the enhanced activation of voltagedependent calcium channels (VDCCs), the role of Ca 2ϩ influx was investigated. In addition to the enhancement of I Prl at V Hold ϭ Ϫ60 mV (Fig. 7A) , additional examination of the I-V relationship of I Prl in low-Ca 2ϩ /high-Mg 2ϩ revealed a reduced HV component, with I Prl at ϩ40 mV being Ϫ50.5 Ϯ 44.4 pA (n ϭ 7; Fig.  7B ), a value statistically different from control ( p Ͻ 0.01). Because this reduction in HV component of I Prl could simply be a consequence of the low-Ca 2ϩ /high-Mg 2ϩ enhanced MCC (Fig.  7A) , we sought to determine the effect of directly blocking VDCCs. Bath application of nimodopine (10 M), a selective blocker of L-type VDCCs, resulted in an even greater diminution of the HV component (83.6 Ϯ 67.1 pA; n ϭ 5; p Ͻ 0.005 vs control), an effect so large as to enable I Prl to reverse at ϳ0 mV (Fig. 7B) . In contrast, nimodopine failed to affect the LV component (Fig. 7 A, B) . These results demonstrate a role for Ca 2ϩ entry via L-type VDCCs in the HV component of I Prl .
BK Ca
؉ -activated K ؉ currents are involved in the generation of HV I Prl We had yet to address the possibility that the HV component of I Prl could be underpinned by the modulation of a current coupled to the influx of extracellular Ca 2ϩ and active in the HV range, e.g., BK Ca ϩ -activated K ϩ currents. To investigate this, K ϩ channels were blocked by the use of Cs ϩ -gluconate-based pipette solution. As expected, blockade of K ϩ channels did not produce a statistically significant effect on I Prl at V Hold ϭ Ϫ60 mV (Ϫ27.3 Ϯ 7.4 pA; n ϭ 6; p Ͼ 0.05 vs control). It did, however, induce a significant reduction in the HV component, with I Prl at ϩ40 mV ϭ 22.4 Ϯ 19.7 pA (n ϭ 6; p Ͻ 0.005 vs control; Fig. 7C ). Similarly, bath application of the broad-spectrum K ϩ channel blocker TEA (10 mM) significantly affected the HV component of I Prl (V Hold ϭ ϩ40 mV; 74.1 Ϯ 33.5 pA; n ϭ 7; p Ͻ 0.005 vs control; Fig. 7C ) but failed to influence the LV component (V Hold ϭ Ϫ60 mV; Ϫ24.7 Ϯ 6.4 pA; n ϭ 7; p Ͼ 0.05 vs control). Thus, Figure 5 . The LV component of I Prl is mediated by a Na ϩ -dominated MCC. A, Voltage-clamp recording of an oscillating TIDA neuron in the presence of TTX and zero-Na ϩ recording solution. Application of Prl induced an inward current that was significantly reduced when compared with control. To the right, sharing its y-axis with the raw trace, are Gaussian fits of averaged (solid lines) holding current frequency distributions in control (green) and Prl (red). Raw data used to produce averages shown as dashed lines (n ϭ 5). B, Voltage-clamp recording of an oscillating TIDA neuron in the presence of TTX and low-Ca 2ϩ /high-Mg 2ϩ recording solution. Application of Prl induced an inward current that was significantly enhanced when compared with control. To the right, sharing its y-axis with the raw trace, are Gaussian fits of averaged (solid lines) holding current frequency distributions in control (green) and Prl (red). Raw data used to produce averages shown as dashed lines (n ϭ 7). *p Ͻ 0.05, **p Ͻ 0.01.
blocking K
ϩ currents in both control and test removes the inhibition of K ϩ currents from the Prl effect, allowing I Prl to reverse (at approximately Ϫ25 mV) and reveal a greater proportion of the MCC at depolarized potentials.
Having identified a role for both Ca 2ϩ and K ϩ current in the generation of the HV component of I Prl and because Ca 2ϩ -activated BK-type K ϩ channels are expressed in the rat Arc (Salzmann et al., 2010), we sought to determine a role for BK currents (I BK ) in the generation of HV I Prl . The application of the selective BK blocker paxilline (2 M) (Sanchez and McManus, 1996) did not significantly alter the Prl-induced inward current at V Hold ϭ Ϫ60 mV (Ϫ14.5 Ϯ 3.2 pA; n ϭ 8; p Ͼ 0.05 vs control). It did, however, in a manner similar to Cs ϩ loading and TEA, affect the HV component, inducing a transient reversal at approximately Ϫ25 mV and reducing I Prl at ϩ40 mV to Ϫ27.5 Ϯ 22.9 pA (n ϭ 8; p Ͻ 0.005 vs control; Fig. 7D ). Blockade of SK channels with the inclusion of the selective SK channel blocker UCL1684 (1 M) (Dunn, 1999) failed to significantly affect I Prl at either V Hold ϭ Ϫ60 mV (Ϫ18.7 Ϯ 3.5 pA; n ϭ 8; p Ͼ 0.05 vs control) or V Hold ϭ ϩ40 mV (Ϫ181.1 Ϯ 43.7 pA; n ϭ 6; p Ͼ 0.05 vs control; Fig. 7D ). In light of these results, it appears that Prl mediates a proportion of its effects in the HV range through the inhibition of I BK , coupled at least in part to Ca 2ϩ influx via L-type VDCCs.
Wortmannin inhibits the HV-activated component of I Prl
Activation of Prl receptors initiates a complicated second-messenger cascade. As with other members of the class I cytokine receptor superfamily, e.g., Ob-Rb, this involves numerous signal transduction pathways, including Janus kinase (JAK)/ signal transducer and activator of transcription and phosphoinositide 3-kinase (PI3K) Ma et al., 2005a,b) . Surprisingly, the JAK inhibitor AG490 (10 M), a compound known to inhibit the rapid TRPC-dependent effects of leptin in Arc pro-opiomelanocortin (POMC) and kisspeptin neurons (Qiu et al., 2010 (Qiu et al., , 2011 , failed to block the Prlinduced inward current (V Hold ϭ Ϫ60 mV; Ϫ23.5 Ϯ 5.1 pA; n ϭ 4; p Ͼ 0.05 vs control), nor did it significantly alter the HV component of I Prl (V Hold ϭ ϩ40 mV; Ϫ209.8 Ϯ 108.7 pA; n ϭ 3; p Ͼ 0.05 vs control; Fig. 8 ). The enzyme PI3K is also known to be essential for both the rapid TRPC-dependent effects of leptin in POMC and kisspeptin neurons (Qiu et al., 2010 (Qiu et al., , 2011 and the membrane insertion of TRPC channels (Bezzerides et al., 2004) . A 15 min preincubation with the potent and irreversible PI3K inhibitor wortmannin (200 nM), like AG490, failed to inhibit I Prl at V Hold ϭ Ϫ60 mV (Ϫ18.9 Ϯ 3.2 pA; n ϭ 8; p Ͼ 0.05 vs control), it did however abolish the HV component (V Hold ϭ ϩ40 mV; 220.9 Ϯ 119.5 pA; n ϭ 5; p Ͼ 0.005 vs control; Fig. 8 ), allowing the remaining I Prl to reverse (approximately Ϫ25 mV; Fig. 8 ). These data imply that the various components of I Prl are regulated by distinct signal transduction pathways.
Because the LV and HV components of I Prl appear to be activated by distinct signal transduction mechanisms, we sought to determine whether they also exhibited differential concentration dependence. To this end, we applied Prl at the concentration of 40 nM, a value appreciably below our EC 50 value. Interestingly, at this concentration, we observed two distinct responses. In 68% (n ϭ 13 of 19) of neurons, both the LV and HV components were present (Fig. 8 B) . Moreover, the ratio between I Prl at V Hold ϭ ϩ40 mV and V Hold ϭ Ϫ60 mV was not significantly different from control (500 nM Prl, 25.5 Ϯ 4.8, n ϭ 11; 40 nM Prl, 31.0 Ϯ 7.8, n ϭ 13; p Ͼ 0.05). The remaining neurons (32%; n ϭ 6 of 19) displayed the LV component only, reversing at a membrane potential of Ϫ31.2 Ϯ 5.0 mV. These data suggest the possibility that the LV and HV components may have a differential sensitivity to Prl dose.
Discussion
Prl has well-recognized actions in the CNS on both the physiology and behavior of the postconception phase of reproduction (Grattan, 2002) , as well as powerful central feedback actions on its own secretion (Ben-Jonathan and Hnasko, 2001). The cellular mechanisms underlying these processes remain enigmatic. Here, we describe for the first time Prl actions on the membrane properties of CNS neurons. We focused on TIDA neurons, because they constitute the central component of short-loop feedback in the lactotrophic axis and express high levels of Prl receptors (Kokay and Grattan, 2005) . Recently, TIDA cells were demonstrated to form a network that discharges in synchronized oscillations (Lyons et al., 2010) . We now show that, in the presence of Prl, phasic firing is replaced by tonic discharge. The underlying excitation is reversible and dose dependent. The issue of direct or indirect Prl feedback on TIDA neurons has been controversial (Ben-Jonathan and Hnasko, 2001). We find that Prl-induced depolarization involves direct, postsynaptic actions because it persists when AP discharge is blocked by TTX. Thus, the present data establish that Prl can elicit marked and sustained effects on electrophysiological parameters in the CNS. The results presented here suggest a novel form of fast feedback in lactotroph control with the sequential recruitment of conductances responsible for depolarization and AP broadening, respectively. The existence of two components of Prl action was first suggested by the biphasic shape of I Prl (Fig. 3C) , in which an LV and a HV component could be identified. The inward current responsible for depolarization-the LV component-exhibits a negative slope conductance (approximately Ϫ50 mV) and is attenuated in Na ϩ -substituted aCSF and augmented in low-Ca 2ϩ /high-Mg 2ϩ aCSF (Qiu et al., 2010) . This suggests a Na ϩ -dominated MCC mediated through TRPC channels. The LV component proved sensitive to 2-APB, a blocker of TRPC1, TRPC3, TRPC4, TRPC5, and TRPC6 channels, yet insensitive to SKF96365, a blocker of TRPC6 and TRPC7 channels (Clapham et al., 2005) . This pharmacological profile is similar to that reported for the cholecystokinin-activated MCC in rat amygdala interneurons (Chung and Moore, 2009 ) but distinct from that reported for leptin responses in Arc POMC neurons, effects mediated via the activation of another member of the class I cytokine receptor family, Ob-Rb (Qiu et al., 2010) .
The HV component is substantially larger than the LV component and operates in the (temporally more limited) AP range. Examination of spike dynamics revealed a significant broadening of AP width in the presence of Prl (in APs matched for amplitude and threshold). Our ramp results suggest that the HV component represents either the closing of an outward current and/or the opening of an inward current. Additional pharmacological and ion substitution experiments suggested the former, because blockade of K ϩ channels by TEA or Cs 2ϩ attenuated the HV component (present results). One powerful means of delaying AP repolarization is by inhibition of BK-type K ϩ channels (Storm, 1987; Golding et al., 1999) . Furthermore, BK channel opening probability is highest in the HV range (ϩ20 -40 mV) (Latorre et al., 1989) . Indeed, incubation with the BK-specific antagonist paxilline (Knaus et al., 1994) blocked the HV component to a similar extent as TEA/Cs 2ϩ blockade [whereas inhibition of SK-type K ϩ channels by the specific antagonist UCL1684 (Campos Rosa et al., 2000) had no significant effect]. These find- ings indicate that Prl-induced broadening of APs may be mediated by closure of BK channels.
In our experiments, the HV component was significantly diminished in low-Ca 2ϩ /high-Mg 2ϩ aCSF or in the presence of the L-type blocker nimodipine. These data suggest that Ca 2ϩ influx via L-type VDCCs is a requirement for the potassium current inhibited by Prl in the HV range. In neurons, BK channels often colocalize to microdomains with L-type Ca 2ϩ channels (Grunnet and Kaufmann, 2004; Berkefeld et al., 2006; Fakler and Adelman, 2008) , and Ca 2ϩ influx through the latter is believed to shift BK voltage dependence to more hyperpolarized potentials. The tight coupling of L-type VDCCs to BK channels has been implicated in other endocrine and neuroendocrine cells with sustained secretion in response to steady depolarization (Prakriya and Lingle, 1999; Marcantoni et al., 2007 Marcantoni et al., , 2010 and, in adrenomedullary cells, can be recruited as demands on hormone release increase (Polo-Parada et al., 2006) .
With the identification of two Prl-activated conductances operating in distinct parts of the membrane potential spectrum, we propose a novel mechanism for fast short-loop feedback in the lactotrophic axis. First, the opening of a slow inward conductance pushes the TIDA neuron to tonic firing. At this depolarized state, inhibition of BK K ϩ conductance(s) lead to a broadening of APs. Broadened APs are well established to increase terminal Ca 2ϩ influx, leading to increased transmitter release (Klein and Kandel, 1980; Llinás et al., 1981; Augustine, 1990; Wheeler et al., 1996; Sabatini and Regehr, 1997) . Indeed, previous studies in the cerebellum have shown that seemingly modest changes in AP halfwidth (notably an increase by 19% as we also observed with Prl in TIDA cells) results in several-fold augmentation of synaptic transmitter release (Sabatini and Regehr, 1997) . In the TIDA system, the effect would be an increased vesicular dopamine release at the terminals in the median eminence. This boosting of dopamine tone in turn leads to enhanced dopamine receptor D 2 Rmediated inhibition of the lactotroph, halting Prl release from the pituitary. It has been shown previously that Prl stimulates activity (Arbogast and Voogt, 1995) and transcription (Arbogast and Voogt, 1991; Selmanoff et al., 1991) of TH, which would increase the stores of dopamine available for release. Combined, these effects provide powerful mechanisms for Prl autoinhibition. Notably, whereas AP broadening accomplished by manipulations of ion channels has often been evoked as a means of increasing release (e.g., by TEA) (Sabatini and Regehr, 1997) , the Prl-TIDA mechanism proposed here would constitute a rare example of increased spike duration resulting from stimulation by a physiological signal molecule (but not without precedent: Klein and Kandel, 1978; Spanswick and Renaud, 2005) . Thus, in situations with inappropriately high serum Prl levels, TIDA cells may fire not only more but also more powerful (in terms of dopamine release) APs, tightening the brake on pituitary Prl release. Additional investigation, e.g., using fast-scan cyclic voltammetry (Robinson et al., 2003) , will be necessary to determine the relationship between TIDA neuron discharge pattern and dopamine release into the portal circulation.
In what situations might the mechanisms described here operate? The effective concentrations suggested by our dose-response results (Fig. 2 E) are more typical of those observed during pathological hyperprolactinaemia resulting from pituitary adenomas (Eljarmak et al., 1985; Oh and Aghi, 2011) than during circadian variations in the male (Hernandez et al., 2006) , fluctuations across the estrus cycle, or during pregnancy, which are substantially lower (Amenomori et al., 1970) . Thus, it could be speculated that these electrophysiological actions may primarily play a role in counteracting pathophysiological elevations of Prl rather than in the physiological variations that are required for normal reproduction. In addition, the feedback response to Prl in TIDA dopamine output is disrupted during pregnancy to allow for lactation-inducing Prl surges (Grattan and Averill, 1995; Andrews et al., 2001) . (An important caveat needs to be emphasized in this context, however: exogenous bath application is likely to be far less efficient than the endogenous vascular route in delivering the hormone to the site of the receptors. It is therefore difficult to estimate the correlation between the doses used in the current study and serum concentrations in the living rat.) It will be of interest to address in future studies to what extent similar actions to those of Prl on membrane properties of TIDA cells can be seen in the feedback from other pituitary hormones on their respective neuroendocrine master neurons. Are these general mechanisms or specific to a system that operates via inhibition, unlike the other hypothalamo-pituitary axes that are regulated by stimulation?
Our data also offer new insight into the signal pathways whereby Prl exerts central actions. Prl receptor signaling is most commonly associated with activation of the JAK2 pathway (Rui et al., 1994; Bole-Feysot et al., 1998) and downstream transcriptional regulation. Although most of what is known about Prl signaling derives from studies of mammary gland and other peripheral organs, there is also evidence of Prl-induced JAK activity in TIDA cells (Ma et al., 2005b) . Intriguingly, however, we were unable to modulate the I Prl using the JAK inhibitor AG490 (Meydan et al., 1996) . Thus, the electrophysiological actions of Prl may depend on signaling systems distinct from those mediating the transcriptional and phosphorylatory effects of this hormone. There is, however, also evidence for Prl activating PI3K (al-Sakkaf et al., 1996) , a faster signaling pathway potentially more compatible with the relatively short-latency actions observed in TIDA cells (present findings). Intriguingly, the HV component was abolished in the presence of the PI3K inhibitor wortmannin, whereas the LV component remained intact. It may be noted that, in other Arc neurons neighboring the TIDA population, leptin and insulin modulation of BK channels (which may underlie the HV component in the present study; see above) appears to be mediated through PI3K (Yang et al., 2010) . Although more studies will be necessary to elucidate the full signal transduction cascade underlying electrophysiological Prl actions on TIDA cells, this observation suggests that the two components of Prl-induced excitation can be modulated separately.
In conclusion, the data presented here provide the first evidence of electrophysiological Prl actions, constituting a compound effect promoting dopamine secretion from TIDA neurons. These results suggest a novel mechanism for feedback in the lactotrophic axis that may help protect against infertility, loss of libido, obesity, and other effects of hyperprolactinaemia.
